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Abstract 
In order to investigate the effect of cyclic stress history on corrosion fatigue strength, two­
step fatigue tests were performed on the OA5% C carbon steel smooth specimens in rotary bending 
in laboratory air and in salt water (3.0% N aCl). It was clarified that the values of the cumulative 
ratio changed complexly under various conditions, involving the magnitude of stresses, stress 
sequences and environments. It was pointed out from the experimental examination that the 
behaviour of the maximum crack length on the specimen surface is useful for evaluation of 
fatigue damage. The maximum crack length during fatigue was deduced by using the statistics 
of extremes and approximating the distribution of crack lengths by three-parameter Weibull 
distribution. The cumulative damage rule for two-step fatigue was introduced theoretically by 
regarding fatigue damage as the maximum crack length obtained from the statistical properties 
of distributed cracks on the smooth specimen surface. 
1. Introduction 
The machines and structures in service are often subjected to repeated loads of varying 
amplitudes and corrosive environmental attack. In order to establish reliable design method, 
1)-5) 
many studies have been made about the estimation of fatigue lives under varying stress 
amplitudes and varying environments. However, there are still much unknown phenomenons. 
For the instance, two cases of cumulative damage rule for the two-step corrosion fatigue tests are 
1).3) 5) 
reported, that is, �N tiN rt = 1 and �N tiN 11 of:. 1, where N 1 and N 11 are the number of cycles applied 
and the fatigue life at the stress amplitude of O"t- However, it seems that general opinions for 
these experimental results have not been proposed yet. Therefore, it is important to accumulate 
the experimental results, by performing systematical experiments under the various conditions 
involving various materials and stress amplitudes. 
In this study, three kinds of fatigue tests were carried out, that is, (1) two-step fatigue tests 
in air (Dry-Dry), (2) fatigue tests in air at the primary stress and subsequent fatigue tests in salt 
water at the secondary stress (Dry-Wet), (3) two-step fatigue tests in salt water (Wet-Wet). 
Based on the fatigue tests, the effects of cyclic stressing on corrosion fatigue strength were 
investigated. 
In corrosion fatigue, cracks are initiated in the early stage of fague life. The greater part 
of fatigue life is corresponding to the period for crack growth. Accordingly, in order to clear the 
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corrosion fatigue damage, the behaviours of distributed cracks must be taken into consideration. 
In this study, the cumulative damage under two-step fatigue tests were discussed by the statistical 
estimation of the maximum crack length on the specimen surface from the distribution of crack 
length. Moreover, corrosion fatigue damage at the specimen surface were examined by 
measuring X-ray half-value breadth ratio during fatigue process. 
2. Specimen and Experimental Method 
2. 1 Specimen 
The materials tested were JIS S45C carbon steel, whose chemical composition and 
mechanical properties after heat treatments are listed in Table. I and Table. II , respectively. 
Shape and dimension of the specimen is shown in Fig.l. 
Table. I Chemical composition 
of the material. 
(Wt %) 
c Mn Si p 






Table. II Mechanical properties of specimen. 
Yield strength Tensile strength Elongation 
(MPa) (MPa) (%) 
317 624 48.7 
R20 
N 





Fig. 1 Shape and dimension of the specimen used. 
After polishing the specimen surface with emery-paper (#1000), the specimens were annealed for 
one hour at 1173K in vaccum. The specimen surface was electro-polished about 20-30,um before 
test. 
2.2 Experimental details 
Fatigue machine used was Ono-type rotary bending machine whose cyclic speed is 60 Hz. 
The distributed cracks on the smooth specimen surface were observed by the optical microscope 
( x 200) on the replica which was taken from the specimen surface interrupted at various fractions 
of fatigue life. The environment in the present tests was salt water (3% N aCl) kept at 298K. 
Variations of X-ray half-value breadth during fatigue process were measured. Measuring 
condition is shown in Table.III. 
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Table. III Conditions of X-ray measurement. 
Characteristic X-ray Cr-Ka 
Diffraction plane Fe (211) 
Tube voltage 30 kv 
Tube current lOrnA 
Divergent angle 0.84 deg 
Irradiated area 1 X 10 mm2 
Scanning speed 4 deg/min 
Time constant 8 sec 
Oscillation speed 3 deg/min 
Oscillation angle 2.5 deg 
3. Experimental Results and Discussion 
3.1 S-N curves 










0 :In air(Dry) 
•: In salt water (Wet) 
Number of cycles to failure Nr 
Fig. 2 S-N diagram of ]IS S45C carbon steel fatigued under rotary 
bending in laboratory air and in salt water (3.0 % NaCI) kept 
at 298K. 
It can be seen from this figure that fatigue limit, rrw, is about 240 MPa for fatigue in air, while 
fatigue limit was disappeared for fatigue in salt water. Fatigue lives, N r, in salt water decrease 
in comparison with that in air and the effects of corrosive environment on fatigue lives are 
remarkably observed. 
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Fig. 3 Experimental relations between cycle ratio of primary stress level N /N 11 and that 
of secondary stress level N2/N12. 
That is, various cycle ratios of N 1 /N n at primary stress level of 111 were applied and then the tests 
were continued to failure at the secondary stress level of 112• (N 1 and N n are the number of cycles 
applied and the fatigue life at the primary stress level, respectively.) 
Fig.3 shows the results of two-step fatigue tests, indicating the relationships between N 1 /N n and 
N dN r2 which is the cycle ratio applied at the secondary stress level. (N 2 and N r2 are the number 
of cycles applied to failure and the fatigue life at the secondary stress level, respectively.) The 
solid line shown as �N 1/N r1 = 1 is the linear damage rule (Miner's rule). The results of two-step 
fatigue tests in air (designated as Dry-Dry) are shown in Fig.3(a). These experimental results 
were obtained from the tests that the specimen was fatigued at fixed secondary stress of 112 = 1. 
1 11w = 265MPa after cycling under primary stress level. When cycle ratio of primary stress, N 1 I 
N n, is small, fatigue life in secondary stress is strengthened by repeating primary stress, and the 
degree of strengthening increased with decreasing the primary stress level. Increasing the value 
of N1/Nn, the cumulative damage tend to be equal to the linear damage rule. Fig.3(b) shows the 
results of two-step fatigue tests carried out under the primary stress level in laboratory air and 
the secondary stress level in salt water (designated as Dry-Wet). In this test, primary stress was 
fixed at the 10% upper the fatigue limit and secondary stress was set at several levels. In the 
region that the cycle ratio of primary stress, N 1 /N n, is less than 0.5, the number of cycles to 
failure N 2 at the secondary stress level are not affected by the stress cycling at primary stress 
level. While, the reduction of life at secondary stress level can be seen in the region N 1 /N f1 > 
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0.5. The tendencies mentioned above are same as those of Dry-Wet tests of 0'1 = 0'2 performed by 
3) 
Okamoto and Kitagawa. The results of two-step-fatigue tests in salt water (designated as Wet-
Wet) are shown in Fig.3(c). When difference between the primary stress, 0'1 , and the secondary 
stress, O'z, is large and 0'1 is higher than 0'2, in the case of high-to-low tow-step tests such as 
294MPa-98MPa and 265MPa-98MPa (named H-L tests), N2 equal nearly to N12 for the region of 
N1/Nn <0.5-0.6. On the other hand, in the case of low-to-high two-step tests such as 98MPa-
265MPa and 98MPa-294MPa (named L-H tests), the cumulative ratio LNi/Nfi is consistently less 
than one. On the contrary, this is greater than one for H-L tests. When difference between 0'1 
and 0'2 is small, in the case such as 245MPa-265MPa and 294MPa-265MPa, Miner's rule is realized 
independently of stress sequence. 
In conclusion, it was clarified that the values of the cumulative ratios in two-step fatigue tests 
involving environmental effects are changed complexly by magnitude of stress and stress 
sequences. 
3.3 The effect of cyclic stressing on crack growth rate 
Many cracks were observed on the smooth specimen surface during fatigue process in air and 
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Fig. 4 An example of distribution of crack length on ]IS S45C smoothed specimen 
surface during fatigue. Data is plotted on the Weibull probability paper. 
It can be seen from Fig.4 that the distributions of crack lengths shift to the right direction with 
stress cycling. It is known that crack growth rate for these distributed cracks has a statistical 
6) 7) 
distributions. In this section, however, the effect of cyclic stressing of the primary stress on the 
behaviour of crack growth under the secondary stress level is investigated by the observation of 
the main crack which lead the final failure of the specimen. Fig.5 shows the relationships 
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between crack growth rate,dl/dN, and half 
crack length, l, obtained under the fatigue 
tests at stress o-=265MPa in air and in salt 
water. It can be seen from Fig.5 that 
crack growth rate for corrosion fatigue is 
larger than that for fatigue in air in the 
region of small crack length. 
In the region that fatigue life at the 
secondary stress level is most strengthened 
by the primary stress as shown in Fig.3(a), 
N,/Nn=O.l-0.3, it was observed that 
micro cracks whose length were about 80 
-100J.Lm had been already initiated. The 
propagation behaviour of micro cracks 
which was initiated and propagated at the 
primary stress level were observed during 
the fatigue tests at the secondary stress 
level of 265MPa. The relationships 
























10-6 0 In air(Dryl 
• In salt 
5xlo-7 water (Wet) 
0. 1 ' 0. 5 
Creek length l (mm) 
Fig. 5 Relations between crack propagation 
rate dl/dN and half crack length l. 
1 
cracks propagated at the secondary stress level are shown in Fig.6. The solid line written in Fig. 
6 represents the crack growth rate for fatigue tests under constant stress amplitude as shown in 
Fig.5. 




Crack length l (mm) 
o1=9Bt-1Pa 
o2=265MPa 
Fig. 6 Effects of cyclic stressing of the primary stress on the crack propagation 
rate of the micro cracks occured on specimen surface under the secondary 
stress. 
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It can be seen that crack growth rate under the secondary stress for Dry-Dry tests (Fig.6(a)) is 
lower than that for constant amplitude tests. This result is due to work-hardening and strain 
aging in the vicinity of micro crack tip which is formed during the fatigue of primary stress level. 
On the other hand, in Dry-Wet tests (Fig.6(b)) and Wet-Wet tests (Fig.6(c)), the effects of stressing 
of the primary stress on the crack growth under the secondary stress are not recognized and dl/ 
dN under the secondary stress is nearly equal to that for constant stress amplitude. These 
8) 
phenomenons are considered to be due to both the formation of hardened surface layer based on 
the work-hardening by the stressing of the primary stress and the elimination of hardened surface 
by dissolution of the specimen surface under corrosive environments. In order to investigate the 
above mentioned phenomenons in detail, X-ray half-value breadth (micro lattice strain) was 
measured on the specimen surface during fatigue process. 
3.4 Change of X-ray half-value breadth during fatigue process 
Fig.7 shows the relationships be- S45C,RB 
tween X-ray half-value breadth ratio, 
b/B, (B: X-ray half-value breadth for 
annealed specimen) and fatigue life 
ratio, N/Nr+O.Ol. In fatigue in air, 
the effect of stress amplitude are not 
observed in the relationship between 
b/B and N/Nr+O.Ol, and there exists a 
linear relationship between b/B and 
log (N/Nr+O.Ol) except the neigh­
borhood of fatigue failure. In corro­
sion fatigue, aside from the experi­
mental results for <J' = 294MPa, the 
l.lC r-------------------------------�
same tendencies as those for fatigue in 
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b/B are smaller than those for fatigue Fig. 7 Relations between X-ray half-value breadth 
· · · d' d b d d 1. Th' 
ratio b/B and cycle ratio (N/N1 + 0.01). 
m a1r m 1eate y otte me. 1s 
1 
9) 
tendencies are same as those of plane bending tests performed by Nagao using SM41A steel and 
those of hardness distribution near the specimen surface of aluminum alloy obtained by authg�s. 
Fig.8 shows the change of b/B during two-step fatigue tests. 
Fig.8(a) shows the results of experiments carried out under the secondary stress level in 
laboratory air or in salt water after cycling at the primary stress level in laboratory air. In Dry­
Dry test, b/B increases temporarily after changing the primary stress level to the secondary one 
(<J'1-4<J'2) and then decreases with stress cycling. This phenomenon about b/B is the same as that 
for prestrained specimen. On the other hand, in Dry-Wet tests represented by the mark e, b/B 
shows the same behaviour as that for Dry-Dry test after changing stress level, but thereafter 
increases with stress cycling. The dotted lines shown in Fig.8 indicate b/B-N relations of the 
virgin material fatigued in air and in salt water which were moved to the point of stress changing. 
It can be seen that the effect of the primary stress on b/B-N relation was disappeared in Dry-Wet 
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Fig 8 Change in the X-ray half-value breadth ratio with stress 





test, because b/B changes on this dotted line. This experimental result is one of the reasons why 
the effect of cyclic stressing of the primary stress on the fatigue life under the secondary stress 
cannot be observed in the region N 1 /N 11 < 0.5 of Fig.3(b). Fig.8(b) shows the results of the 
experiments (Wet-Wet) in which the primary stress was applied to the cycle ratio of N1/Nn=O. 
3 and 0.5 in salt water and then continued the fatigue test to failure at the secondary stress in salt 
water. In this case, the behaviours of b/B are also the same as those for Dry-Dry tests when the 
stress amplitude is changed, but thereafter the behaviours of b/B are changed complexly with 
stress cycling. 
10) 
It is widely believed that if micro cracks are initiated by applying the primary stress 0"1 and 
then change the stress 0"1 to O"z (t:rz > t:r1), drastic concentration of microscopic strain will be occured 
in the vicinity of micro crack tip and new slip will be resulted in other slip-plane. Therefore, the 
increase of b/B will occur just after changing the stress level. It has also been considered that 
b/B decreased by relaxation of microscopic strain with stress cycling or disappearance of 
microscopic strain into microcrack. 
The values of b/B were recognized to decrease in Dry-Dry tests, because the region of plastic 
deformation in the vicinity of micro crack tip caused by stressing of the primary stress are 
considered to be work-softened and disappeared under the secondary stress. In Dry-Wet tests, 
the effect of the primary stress on the behaviour of b/B and crack growth rate at the secondar� 
stress are not recognized, because the region of plastic deformation are eliminated by dissol�Hon 
of specimen surface during stress cycling in salt water. In Wet-Wet tests, cyclically induced 8) 
plastic deformation regions stated above are impossible to be formed because of dissolution of 
specimen surface during stress cycling. This is supported by the experimental result that the 
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values of b/B in corrosion fatigue are smaller than those in laboratory air as shown in Fig.7. 
3.5 The relationship between maximum crack length and fatigue damage 
Recent studies have revealed that fatigue damage can be corresponded to the initiation and 
growth of microcracks on the specimen surface. As stated in the preceding section, many cracks 
are initiated on the specimen surface subjected to fatigue in air and in salt water and most part 
of the fatigue life is occupied with the period of crack growth. It may be reasonable in this study 
to consider that fatigue damage can be corresponded to the behaviour of distributed cracks. 
Also, it will be thought that fatigue life is governed by the behaviour of the crack whose length 
is the longest in all distributed cracks. In this section, we consider the maximum crack length 
as the scale representing fatigue damage at a certain cycles and lead the maximum crack length 
from distribution of crack lengths. 
In order to represent the distributions of crack lengths quantitatively, the distribution of 
crack lengths is approximated by the following three-parameter W eibull distributions; 
F(2l) = 1 � expj�(2/� y0)mo/a01 .. . .... . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .  (!) 
where, rna, ao and Yo are shape, scale and location parameters, respectively. The solid lines 
written in Fig.4 show the results of approximation by eq.(l). It can be seen that the distributions 
of crack lengths are approximated enough by three-parameter Weibull distributions. 
14) 
According to statistics of extremes, the distribution of the maximum crack lengths is given 
by following equation; 
</J (2lm.,) = exp [ �exp i�a (21m., � W) I J 
a= (1 n nt) 1-1/m, • mo . ao -1/m, !······ . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (2) 
where, nt is the number of total cracks initiated at number of cycles N and W is the characteristic 
maximum crack length. As the maximum crack length, 24nax. observed in the specimen surface 
can be represented by the characteristic maximum crack length, W. 24nax is determined by the 
three parameters for the distribution of crack lengths and number of cracks, nto as follows; 
24nax =Yo +(ao 1n nt)l/mo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 
15) 
We have already reported the following equations for these three parameters and nt; 
} . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . (4) 
where, s, 'fl, o, c, k3, "l', �. C3 and c. are constants which are independent of stress amplitude and 
number of cycles. These constants are determined by conducting fatigue tests under a few stress 
amplitude in air and in salt water and investigating the distributions of crack lengths. cp and lo 
are the area of specimen and the smallest half crack length which can be detected, respectively. 
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The value of these constants obtained in this experiment is listed in Table.IV. 




















t TJ 0 c k3 
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0 0 0 0.5 1 0 0.5 
Fatigue life ratio N/N1 
Fig. 9 Change of the maximum surface crack length with stress 
cycling. 
Substituting eq.(4) into eq.(3), we obtain following equation for 2�ax as a function of stress 
amplitude and number of cycles; 
2/max = Yo + ( oif)1!m, Nk,!m, j ln ( rf>C3) + C4 af lim, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5) 
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Using the condition of N = N r at 2 �ax= n. it will be obtained the following equation for 2�ax as 
a function of fatigue life ratio, N /N ,. 
2/max = Yo + (2/c - Yo) (N/ Nf) k,lmo ························•••••••••••••••••••·•················(6) 
Where 2/ c is the critical crack length that cause final failure of the specimen. The calculation 
of eq.(6) can be performed using the value of constants listed in Table.IV. The results are shown 
in Fig.9. 
Experimentally obtained 2�ax are also plotted against the fatigue life ratio, N/N, in this figure. 
It can be seen that the calculated results of 2�ax coincided well with experimental results in 
laboratory air and in salt water. The maximum crack length occured during fatigue can be 
estimated accurately by eq.(6). 
3.6 Consideration about the cumulative fatigue damage rule 
It was claryfied that the maximum crack length obtained from the distribution of crack 
lengths is useful for the evaluation of fatigue damage. In this section, the cumulative damage 
rule will be investigated for two-step fatigue tests involving the change of environment. 
The maximum crack length, 2�ax, observed at the cycle ratio, NdNn, under the primary 
stress level of 0'1 may be observed at the cycle ratio of (l-NdNr2) under the secondary stress level 
of 0'2. Therefore, following relationship is obtained; 
where subscript 'T' and "2" show the conditions under the primary stress, O'�t and the secondary 
stress, 0'2, respectively. Deforming eq.(7), non-linear cumulative damage rule for two-step fatigue 
test is given as follows: 
where, 
( NI INn )k;,l m., - h (1 - Nd Nf2 )k,l m., = a 
h = (2 lc2- Yo2) I (2/cl - Yo!) 
a = ( Yo2 - Yo1) I ( 2 lei - J'o1 ). 
) ······························(8) 
Using the value of the constants listed in table IV, we can perform the calculation of eq.(8) and the 
results are shown in Fig. 10. Calculated results for Dry-Wet tests (Fig.lO(b)) and Wet-Wet 
tests (Fig.lO(c)) have the same tendencies as experimental results as shown in Fig.3(b) and (c). 




= 1 .................................. . ................ . ......................... (9) 
Eq.(8) will be transformed to the linear cumulative damage rule of eq.(9) if following conditions 
are satisfied: ( i ) Location parameter does not change during two-step fatigue test, ( ii ) critical 
crack length, 21.:, is independent of stress amplitude and environment, and (iii) shape parameter 
is independent of stress amplitude and the dependence of scale parameter on number of cycles 
- 11 -
Bulletin of Faculty of Engineering Toyama University 1984 
� 

















Cycle ratio of primary stress N 1 /N 11 
Fig. 10 Estimated relations between N1/N11 and N2/N12 from taking fatigue damage as 
maximum surface crack length during stress cycling. 
does not change during two-step fatigue test. Calculated results for two-step fatigue tests in 
laboratory air coincide with eq.(9), because the conditions stated above are satisfied. While, they 
don't coincide with experimental results. One of the reason of this disagreement is the effect of 
16) 
cyclic pre-history on the crack propagation. As pointed out by Murakami et al, basic condition 
for organization of Miner's rule is that the crack growth under the secondary stress level was not 
affected by the cyclic stressing of the primary stress level. Both the calculated and experimental 
results in Wet-Wet tests coincide with Miner's rule in the case that the difference between a-, and 
0'2 is small. This reason is considered as follows: The effect of cyclic stressing on the crack 
propagation disappears by corrosive dissolution as stated before. Also, the conditions of ( i ) 
-(iii) are all satisfied because of the two-step fatigue tests under constant environment. 
However, in the case of two-step fatigue tests in which environment as well as stress amplitude 
are changed, Miner's rule is not realized because of the difference of the distribution of crack 
lengths in each step. 
4. Conclusions 
Two-step fatigue tests involving environmental change were performed on carbon steel, JIS 
S45C, and following results were obtained. 
(1) In Dry-Dry tests, fatigue life under the secondary stress is strengthened by cyclic 
stressing of the primary stress in the regions N, /N n = 0.1- 0.3. 
(2) In Dry-Wet tests, the number of cycles to failure N2 at the secondary stress level are not 
affected by the stress cycling at primary stress level in the region that N ,jN n is less than 0.5. 
While, the reduction of life at secondary stress is in the region of N, /N n > 0.5. 
(3) In Wet-Wet tests, when difference between 0'1 and 0'2 is large, and a-, is higher than o-2, 
N 2 equal to N r2 for the region of N 1 /N n < 0.5- 0.6. On the other hand, in the case of O'r < O'z, the 
cumulative ratio is consistently less than one. When difference between a-, and O'z is small, 
Miner's rule is realized independently of stress sequence. 
� 12 � 
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(4) In Dry-Wet and Wet-Wet tests, the effects of cyclic stressing of the primary stress on the 
behaviours of crack growth under the secondary stress were not observed. 
(5) The values of X-ray half-value breadth ratio, b/B, in corrosion fatigue process are 
smaller than those for fatigue in laboratory air. 
(6) The maximum crack length during fatigue was deduced by using the statistics of 
extremes and approximating the distribution of crack lengths by three-parameter Weibull distri­
bution. Calculated results coincided well with experimental results. 
(7) The cumulative damage for two-step fatigue test was introduced theoretically by 
regarding fatigue damage as the maximum crack length obtained from the statistical proper­
ties of distributed cracks on the smooth specimen surface. 
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